Among several factors affecting radiation sensitivity, genome size has received limited attention during the last 50 years since research at Brookhaven National Laboratory (USA) and other locations demonstrated substantial differences in radiation sensitivities, e.g. between tree species with large (e.g. conifers such as pines) versus small (e.g. dicots such as oaks) genome sizes. Taking advantage of the wide range of genome sizes among species, we investigated radiation sensitivity which we define in this study as DNA damage (break frequency) measured with the alkaline comet assay in isolated nuclei exposed to X-rays. As a starting point, we considered two possible explanations for the high radiation sensitivity of plants with large genome sizes: (i) inherently higher sensitivity of larger genomes and/or (ii) impaired DNA repair. In terms of genome size effects, experiments exposing isolated nuclei from six different plant species to X-rays, varying in genome sizes from 2.6 to 19.2 Gbp, showed that larger genomes are more sensitive to DNA damage by a relationship approximating the cube-root of the nuclear volume; e.g. a 10-fold increase in genome size increases sensitivity by about 2-fold. With regard to DNA repair, two conifer species, Sawara cypress (Chamaecyparis pisifera, 8.9 Gbp genome size) and Scots pine (Pinus sylvestris, 20 Gbp genome size), both effectively repaired DNA damage within 50 and 70 min, respectively, after acute X-ray exposures. Both species also showed delayed repair of double-strand DNA breaks, as we previously showed with Arabidopsis thaliana and Lolium multiflorum.
Introduction
One of the important factors determining the radiation sensitivities of organisms is their ability to repair DNA damage effectively. DNA repair has been an active area of research for more than 50 years (1) (2) (3) . On the other hand, studies of the effect of genome size on radiation sensitivity are much more limited even though this factor has been recognized for many years (4) (5) (6) (7) (8) .
A classic series of studies of the effect of genome size on radiation sensitivity involved research at Brookhaven National Laboratory and other locations during 1960s on relative effects of gamma radiation on different species. Seeds (4), seedlings (5, 6) and mature trees (7) were tested. It was concluded (4-6) that differences in radiation sensitivities could be explained based on genome sizes. However, an alternative explanation in terms of differences in DNA repair was not evaluated. Therefore, we considered 2 possible explanations for the high radiation sensitivity of plants with large genomes: (i) inherently higher sensitivity of larger genomes and/or (ii) impaired DNA repair. The assumption underlying the present research was that the comet assay can be used with plants (9) to show that genome size can affect radiation sensitivity (break frequency) which we define in this report as DNA damage (breaks, % tail DNA) measured with the alkaline comet assay in isolated nuclei exposed to X-rays. In addition, we investigate whether differences in DNA repair capacities might also be involved.
Materials and Methods
Leaf samples of the following diploid species were purchased locally: spinach (Spinacia oleracea, 12.6 Gbp haploid genome size), celery (Apium graveolens, 14.1 Gbp), pea (Pisum sativum, 3.9 Gbp) and lettuce (Lactuca sativa, 2.6 Gbp). Samples of the following diploid conifer species (10) were collected on the campus of the Norwegian University of Life Sciences at Aas, Norway: Norway spruce (Picea abies, 19.2 Gbp), Scots pine (Pinus sylvestris, 20 Gbp) and Sawara cypress (Chamaecyparis pisifera, 8.9 Gbp).
Methods for X-irradiation as well as isolation and embedding of nuclei have been described (11) . Times for DNA unwinding were increased to at least 30 min and electrophoresis time was increased to 30 min to compensate for large genome sizes. Analysis of comets was performed as described with 50 comets scored per sample. DNA damage was measured as % tail DNA with the Comet Assay IV image analysis program (Perceptive Instruments). % Tail DNA is related to the number of breaks per 10 9 daltons DNA; i.e. break frequency. As recommended (12), significance was also confirmed using the t-test and P values were calculated.
Results

Sensitivity depends on genome size
An earlier study with Arabidopsis thaliana (11) used X-ray exposures to demonstrate that DNA repair consisted of an initial rapid phase followed by a delayed phase when double-strand breaks were repaired. The rapid initial phase of repair could be detected with the comet assay after exposures corresponding to 5 and 10 Gy but not after a 2 Gy exposure because the rapid phase in these plants was so fast that the initial repair phase was completed within the time taken to isolate and embed nuclei. Keeping this in mind, we decided to isolate nuclei from different species and embed nuclei in agarose before X-ray irradiation. In this way, we expected to be able to determine inherent sensitivities for DNA damage in nuclei independent of differences in DNA repair effectiveness. Figure 1 shows % tail values after 1 Gy X-irradiation for isolated nuclei representing six different plant species.
Conifers effectively repair DNA after X-irradiation
As shown in Figure 2 , we were only able to follow the delayed phase of repair in Scots pine and Sawara cypress, again, presumably because the early rapid phase was too fast to be detected with the comet assay. Nevertheless, Figure 2 shows that both conifers effectively repaired DNA damage.
Discussion
Our results confirm earlier studies, showing a relationship between genome size and radiation sensitivity. These earlier studies used intact cells and scored for survival, using mammalian cells in vitro (14) , seeds (4), seedlings (5,6) and mature trees (7) . On the other hand, our experiments analyzed DNA damage caused by X-irradiation in isolated nuclei from plant species with different genome sizes, varying from 2.6 to 19.2 Gbp. By using isolated nuclei, we could measure the inherent sensitivity of nuclear DNA, independent of possible differences in DNA repair.
As far as the relationship between genome size and radiation sensitivity in G 0 leaf cells (15) is concerned, Bowen (4), Sparrow and Miksche (5) and Baetcke et al. (6) , all tried to relate their data on DNA contents per cell (nuclear volumes) versus LD 50 for radiation damage by calculating linear regressions. When we calculated a linear regression for % tail DNA damage versus genome size, we obtained y = 0.27x + 2.72, r 2 = 0.69. Given df = 10 and SE of the slope equal to 0.06, a slope value of 0.27 gives P values that are <0.001 for both slope equals 0 (null hypothesis for no effect of genome size on % tail DNA) and slope equals 1 (null hypothesis for linear relationship between genome size and % tail DNA).
Rather than a linear relationship between genome size and radiosensitivity, an alternative explanation of the results is that the probability that a given photon of radiation will cause a break in DNA, directly or indirectly via production of reactive oxygen species (16), increases in relation to the distance travelled through a cell nucleus. For example, if genome size increases by 10-fold (v = ¾ π r 3 ), the radius of the sphere increases by the cube-root of 10 which corresponds to about 2-fold ( Figure 1) . Kohn et al. (17) X-irradiated (2.5 Gy) mouse leukemia cells in growth medium, then isolated DNA and fractionated it through a filter. Based on the lengths of eluted strands, they calculated that 2.5 Gy exposure causes approximately 450 breaks per Gbp of DNA. For larger nuclei containing more DNA, as is the case with many conifers (10), one would expect a higher frequency of breaks because a longer flight path increases the probability that any given photon will cause a break in DNA, perhaps because reactive oxygen free radicals produced by photons would be more likely to reach a DNA target within a large nuclear mass.
Our study also involved a direct evaluation of the possible role of DNA repair in explaining differences in radiation sensitivity. Both Scots pine and Sawara cypress were shown to be at least as effective as Arabidopsis (11) in repairing DNA damage caused by X-ray exposures. It was further shown that the repair process in these conifers as in Arabidopsis as well as Lolium (11) involved a delayed phase, presumably because the expression of repair enzymes (14) has to be induced.
Finally, inherent differences in radiosensitivity between organisms with different genome sizes should be kept in mind when evaluating results with reference plants and animals (18) .
